The surface defects of solution-processed ZnO films lead to various intragap states. When the solution-processed ZnO films are used as electron transport interlayers (ETLs) in inverted organic solar cells, the intragap states act as interfacial recombination centers for photogenerated charges and thereby degrade the device performance. Here we demonstrate a simple surface-passivation method based on ethanedithiol (EDT) treatment, which effectively removes the surface defects of the ZnO nanocrystal films by forming zinc ethanedithiolates. 
Introduction
Bulk heterojunction organic photovoltaics (OPVs) are attractive for low-cost energy harvesting due to the possibility of employing high throughput solution-processable fabrication techniques and the compatibility with large-area and flexible plastic substrates. [1] [2] [3] [4] OPVs with an inverted structure have been proposed to improve the long-term stability. [5, 6] In this device configuration, the bottom transparent electrodes are modified by interlayers with low work function, serving as electron-transporting interlayers (ETLs). [7] [8] [9] [10] ZnO is an attractive material for ETL applications due to its appealing properties such as excellent visible transparency, high electron mobility, environmentally friendly nature and ease of fabrication. [10, 11] A variety of low-temperature and solution-based methods by using Sol-gel precursors or colloidal nanocrystals to deposit ZnO ETLs have been demonstrated. [10] [11] [12] [13] Despite the successes of applying solution-processed ZnO ETLs in inverted OPVs, a major challenge lies in how to control the intragap states induced by surface defects. [14, 15] Lowtemperature and solution-processed ZnO ETLs generally have high densities of surface defects such as dangling bonds and surface groups, introducing various intragap energy levels.
These intragap states act as recombination centers for photo-generated charge carriers, causing significant photocurrent loss and degrading the charge selectivity of cathode contacts. [15] [16] [17] Moreover, surface defects of ZnO thin films are known to be sensitive to adsorption/desorption of oxygen and water molecules at ambient conditions, which may influence the long-term stability of ZnO ETLs and thereby the stability of OPV devices. [18] A few strategies have been developed to passivate the surface defects of solution-processed ZnO ETLs. [14, 16, [19] [20] [21] [22] [23] For example, employing self-assembled monolayers (SAMs) on top of ZnO films can avoid the direct contact between ETLs and active layers. The introduction of SAMs may result in formation of interfacial dipoles that favor electron extraction. [16, 20] However, the defect states in bulk ZnO ETLs cannot be effectively passivated by this approach. The fabrication of large-area, dense and compact SAMs, which are resistant to subsequent solution-processing procedures, is challenging for future industrial productions. In another strategy, ZnO-polymer composite films are used as ETLs. Coordination polymers such as poly(ethylene oxide) (PEG) and poly(ethylene glycol) (PEO) are used to passivate surface defects of ZnO nanoparticles, leading to improved device performances. [21, 22] Nevertheless, there is a tradeoff between effective surface passivation and charge transport properties of the composite films owing to the insulating nature of coordination polymers. A facile and general approach that can effectively passivate the surface defects of lowtemperature processed ZnO ETLs is highly desirable and critical to fully exploit their remarkable properties for inverted OPVs.
Here we propose that the surface defects of solution-processed ZnO ETLs can be passivated by specific small molecules. An alkanethiol with bidentate coordination groups, 1,2-ethanedithiol (EDT), is selected to verify this hypothesis. The effects of EDT treatment on the chemical, morphological and electrical properties of thin films based on colloidal ZnO nanocrystals were analyzed. The EDT-treated ZnO nanocrystal films were applied in inverted organic solar cells to investigate the impact of modification of intragap states of the ETLs on device performance. To explore the generality of this passivation approach, the EDT treatment was also applied to ZnO ETLs deposited from Sol-gel precursors.
Results and Discussion

EDT Treatment on ZnO Nanocrystal Films
EDT treatment involves simple procedures of immersing films of ZnO nanocrystals ( Figure   S1 ) into a solution containing EDT for 1 min, followed by annealing in a glovebox at 150 ºC for 30 min. For the sake of simplicity, the pristine ZnO nanocrystal thin films are named as PZnO films and the EDT-treated ZnO nanocrystal thin films are named as E-ZnO films in the following text. We note that the EDT treatment has previously been demonstrated to be effective in terms of replacing the original long-chain insulating ligands of lead chalcogenide or cadmium chalcogenide based quantum dots, and the EDT treatment leads to improved inter-particle electronic coupling and enhanced charge transport properties of the quantum dot based films. [24] [25] [26] [27] [28] [29] Fourier transform infrared spectroscopy (FTIR) analyses on the P-ZnO films reveal the presence of hydroxyl groups and carboxylate groups. As shown in Figure 1a , the broad peak at 3390 cm -1 corresponds to the hydroxyl groups and the peaks at 1560 and 1420 cm -1 correspond to the carboxylate groups. After EDT treatment, the intensities of these absorption peaks are decreased, suggesting that a large fraction of the hydroxyl and carboxylate groups have been removed. Furthermore, the characteristic stretching band of -CH2-groups at 2920 cm -1 becomes evident, implying the binding of EDT molecules onto the surfaces of E-ZnO films. [26, 27] X-ray photoelectron spectroscopy (XPS) analyses reveal surface chemistry of the ZnO nanocrystal films. The survey spectra of the P-ZnO and E-ZnO films are shown in Figure 1b .
The most significant change due to EDT treatment is the emergence of the sulfur peaks (inset of Figure 1b ). The S 2p peak located at 163.2 eV with a shoulder at 164.3 eV (Figure S2) indicates that EDT molecules were covalently bonded onto the surfaces of ZnO nanocrystals, forming zinc thiolates. [30] [31] [32] Figure 1c shows the O 1s core level spectra, which can be deconvoluted into two peaks. The lower-binding-energy peak is associated with the oxygen atoms in a ZnO matrix, i.e. O-Zn bonding. The higher-binding-energy peak is attributed to the oxygen-deficient defects, such as oxygen vacancies and hydroxyl O-H groups. [11, 33] After EDT treatment, the relative intensity of the higher-binding-energy component significantly decreased, suggesting that the oxygen-deficient defects in the ZnO films are largely removed.
These results, together with the FTIR analyses indicate the protonation of thiols to displace the surface groups and passivation of the surface defects. Furthermore, the Zn 2p3/2 peak shifts towards lower binding energy by 0.2 eV after EDT treatment (Figure 1d ). This shift reflects the higher electron densities around the zinc atoms. The more negative oxidation state of the zinc ions is consistent with the formation of Zn-S bonds, which replaces the original Zn-O bonds of the hydroxyl groups or carboxylate groups. [31] A quantitative depth-profile study on the E-ZnO films was carried out (Figure 1e ). With the prolonged sputter time, the atomic ratio of sulfur to zinc is kept in the range of 0.25 to 0.29, indicating that EDT treatment effectively modified all the ZnO nanocrystals in the bulk films which are ~85 nm in thickness.
The surface properties of the ZnO nanocrystal thin films were characterized by contact angle measurements and atomic force microscopy (AFM). As illustrated in Figure S3 , the static contact angles of water on the ZnO films increased from 41° to 53° upon the EDT treatment.
The fact that the E-ZnO films are more hydrophobic agrees with the EDT treatment induced surfaces with -CH2-CH2-groups. AFM measurements show that the E-ZnO and P-ZnO films have comparable root-mean-square (RMS) surface roughness of ~5 nm ( Figure S4 ). The topological images and the corresponding phase images, however, reveal significantly different features. For the P-ZnO films, large domains with sizes of 50-100 nm, due to sintering of small primary particles during the annealing procedure, were observed. In contrast, the E-ZnO films exhibit much smaller domains with sizes of less than 10 nm. We suggest that surface passivation by EDT molecules leads to nanocrystal surfaces with -CH2-CH2-groups. Such chemically inert surfaces prevent the growth of the oxide domains at elevated temperatures.
P3HT:PC61BM Inverted Solar Cells Based on EDT Treated ZnO Nanocrystal Films
The E-ZnO films were applied as ETLs in OPVs with an inverted device structure of To understand the origin of the improved device performance, the P3HT:PC61BM inverted devices were characterized by a number of electrical techniques. First, transient photo-voltage (TPV) measurements indicate that the devices with E-ZnO ETLs exhibit reduced charge recombination rates and enhanced charge extraction characteristics. TPV measurements evaluate the charge carrier decay dynamics under an extraction electric field, providing a direct method to probe the charge populations and charge recombination in a solar cell. [34, 35] We carried out TPV measurements under different light intensities, which resulted in VOC ranging from 0.40 to 0.61 V. The carrier lifetime at each VOC was derived from the exponentially fitting of the TPV curves. The capacitance (C) was determined using a procedure of differential charging. The steady-state carrier concentration was obtained by integrating C with respect to the measured VOC. [35] As shown in Figure 3a -3c, the devices with E-ZnO ETLs exhibit longer photogenerated charge carrier lifetimes, smaller capacitance and reduced steady-state carrier concentrations. Therefore the devices with E-ZnO ETLs show characteristics of reduced charge recombination rates and enhanced charge extraction. 36 Second, dark J-V curves show that EDT treatment significantly improved the selectivity of the cathodes. As shown in Figure 3d , the reverse saturation current for the device with E-ZnO ETL is greatly suppressed compared to the device with P-ZnO ETL while the two devices exhibit similar output current in the forward direction. Third, electron-only devices with a structure of ITO/ZnO/P3HT:PC61BM/LiF/Al were fabricated to investigate the electron transport properties of the inverted devices (Figure 3e ). An increased current density for the device with E-ZnO ETLs is observed, revealing the improved electron transporting characteristics. [37] We suggest that for the P3HT:PC61BM devices, other factors, such as optical absorption and morphologies of active layers are not the major reasons for the improved device performance.
As shown in AFM images ( Figure S5 ), despite the slightly changed surface-wetting properties of the ZnO films after EDT treatment, the surface roughness and phase profiles of the active layers deposited onto the E-ZnO or P-ZnO films are almost identical. These results suggest that EDT treatment on the ZnO ETLs does not significantly alter the morphologies of the top blend films. Our optical modeling results (Figure S6) show that there are almost no opticalfield-dissipation difference for 550 nm and 600 nm illumination of the P3HT:PC61BM active layers in the devices with the P-ZnO films and E-ZnO films, respectively.
Electronic and Molecule Model of EDT Passivated ZnO Nanocrystal Films
Based on above analyses, we correlate the higher PCE and better stability of the devices with E-ZnO ETLs to the surface-passivation effects. We propose that surface passivation by EDT treatment leads to efficient modulation of the electronic structure and intragap states of the ZnO nanocrystal films. A number of spectroscopic techniques are used to verify this hypothesis. UV-Vis absorption spectra in Figure 4a show an additional broad peak in the range of 400-600 nm for the E-ZnO films. We attribute this peak to the emergence of an intragap band with high density of states, which is confirmed by the photoluminescence (PL) spectra. As shown in Figure 4b , the PL spectrum (excitation: 310 nm) of the P-ZnO film exhibits a narrow emission peak at ~366 nm corresponding to the band-edge emission and a board peak of visible emission centered at ~545 nm, which is attributed to the defect-related emission. [14, 38] After EDT treatment, both the visible emission and the band-edge emission are almost completely quenched. We note that a similar PL quenching phenomenon was observed for the dodecanethiol modified ZnO nanocrystal films. [39] The quenching of PL is consistent with the introduction of a new intragap band that acts as an efficient non-radiative decay channel.
Ultraviolet photoelectron spectroscopy (UPS) measurements provide further information on the band structure of the ZnO films. As shown in Figure 4c , the work function for the P-ZnO and E-ZnO films was determined to be 3.7 and 4.1 eV, respectively. For the P-ZnO films, the position of the valence band edge relative to the Fermi level is 3.6 eV. This fact suggests that the Fermi level is close to the conducting band edge, implying a high electron concentration induced by the defects, such as oxygen vacancies. [40] After EDT treatment, the position of the valence band edge relative to the Fermi level decreases to 2.4 eV. Therefore the Fermi level is moving towards the center of the band gap, suggesting a significant reduction of electron concentration.
Furthermore, the passivation of the surface defects makes the ZnO nanocrystal films less susceptible to oxygen and water molecules in the environment. Figure 4d shows the timeresolved photocurrent decay of the ZnO nanocrystal films in response to pulsed UV illuminations. The photocurrent decay of ZnO films is largely controlled by the adsorption/desorption of water or oxygen molecules. [18] Given that the experiments were conducted at the same ambient conditions, a slower decay process for the E-ZnO film suggests that the available absorption/desorption sites are decreased.
The above information allows us to conclude that the intragap states of the ZnO nanocrystals were effectively modified by the EDT treatment, introducing a new intragap band (Figure 5a and Figure 5b ). In this scenario, the various surface defects including surface groups, such as hydroxyl groups and carboxylate groups, and dangling bonds were passivated by the Another issue worth discussing is the effect of work-function change caused by the EDT treatment. In general, the work function of the ETLs should match the quasi-Fermi potential of the acceptor material under working conditions. When Fermi-level pinning occurs, the built-in electric field and VOC are largely affected by the difference of the quasi-Fermi levels of the donor and acceptor phases instead of the work-function difference of the charge transport interlayers. [41] According to a report by Fahlman and coworkers, the Fermi-level pinning to the negative polarons of PCBM occurs when the work function of the contacting substrate is lower than 4.3 eV. [42] The work function of both the E-ZnO films and the P-ZnO films is sufficiently low, allowing Fermi-level pinning. Therefore the increase of the work function of E-ZnO films by 0.4 eV does not degrade the built-in field of the inverted devices.
[43]
TQ1:PC71BM Devices Using E-ZnO Interlayers and Solar Cells based on EDT Passivated Sol-gel Derived ZnO films
We further applied the E-ZnO films to the fabrication of inverted solar cells based on
phenyl-C71-butyric acid methyl ester (PC71BM) blends. TQ1 is a donor material with deep highest-occupied-molecular-orbit (HOMO) level of 5.7 eV. [44] As shown in Figure 6a and Table 2 , the devices with E-ZnO ETLs exhibit an average PCE of 6.0 %. The champion device has a remarkable FF of 0.72 and a PCE of 6.3%, which is the record efficiency for the inverted devices based on the TQ1: fullerene system to date. [21, [45] [46] In contrast, the average PCE for control devices with P-ZnO films, 5.0%, is much lower. Regarding the device stability, when the devices were either stored in dark or tested upon continuous light illumination, a similar trend that the devices with E-ZnO ETLs are much better than the control devices with P-ZnO ETLs was observed (Figure 6b ). Our transfer matrix optical modeling and AFM measurements show that there is also no obvious difference in the absorption and the morphologies of the active layers deposited onto the P-ZnO films and EZnO films, respectively (see Figure S7 and Figure S8 ). Furthermore, electroluminescence (EL) and Fourier-transform photocurrent spectroscopy (FTPS) measurements were used to probe the population of the charge-transfer (CT) states of the TQ1 devices. From the normalized absorption and emission spectra shown in Figure S9 , almost identical CT emission and EQE features of the two devices indicate that EDT treatment caused negligible influences on the donor-acceptor interfacial areas. [45] These characterizations indicate that the improved device performance of the TQ1 devices arise from the EDT treatment of the ZnO nanocrystal
ETLs. This result leads us to conclude that the E-ZnO films can be applied to improve the performance of inverted devices based on donor materials with different electronic structures.
This feature is different from that of the UV-zone treatment, another widely used technique to passivate the surfaces of solution-processed ZnO. [14, [47] [48] As reported by So and co-workers, UV-ozone treatment not only passivates the surface defects but also generates excess oxygen at the ZnO surfaces which may oxidize the polymers with higher-lying HOMO energies, such as P3HT, and hence degrade the device performance. [14] Upon successful attempts of EDT passivation on ZnO nanocrystal films, we further extended the EDT passivation approach to the ZnO films deposited from Sol-gel precursors. Inverted organic solar cells based on Sol-gel derived and EDT treated ZnO films were fabricated using either the P3HT: PC61BM blends or TQ1: PC71BM blends as active layers. Control devices with Sol-gel derived ZnO films without EDT treatment were also fabricated. As shown in Figure 6c and Figure 6d , EDT treatment on the Sol-gel derived ZnO ETLs improves the PCE of the inverted devices, i.e. from 3.7% and 4.9% to 4.5% and 6.0% for P3HT:PC61BM and TQ1:PC71BM devices, respectively. The detail device parameters are summarized in Table 2 .
These results suggest that the EDT modification approach can be a general method to passivate the surface defects of solution-processed ZnO ETLs, thereby improving the performance of the resulting inverted solar cells.
Conclusion
In summary, we developed a simple and general method based on EDT treatment to passivate the surface defects and modulate the intragap states of low-temperature solution-processed 
Experimental Section
Preparation of ZnO Nanocrystal Films and Sol-gel ZnO Films:
The colloidal ZnO nanocrystals were synthesized by controlled hydrolysis of zinc acetate in an alcoholic basic solution and dissolved in a mixed solvent of chloroform and methanol (3:1 by volume) as published else where. [18, 49] Patterned ITO substrates were ultrasonic cleaned with acetone, ethanol and deionized water, respectively, and then were treated in UV-ozone for 15min. The
ZnO nanocrystal solution with a concentration ~15 mg/ml was spin-cast at 4000 rpm to form P-ZnO films with thickness of ~85 nm after annealling at 150 ºC for 30 min in a nitrogenfilled glove box. The ZnO precursor solution was prepared by dissolving 15 mg/mL of Zn(acac)2 hydrate in absolute ethanol. The solution was stirred for 3 h at 50 ºC and subsequently filtered through a PTFE filter (0.22 μm). Sol-gel ZnO films were obtained by spin-coating of the precursor solution at 2000 rpm, followed by annealing at 130 ºC for 1 min.
EDT Passivation of ZnO Films:
Regarding the EDT treatment, the P-ZnO films were soaked in an acetonitrile solution containing EDT (0.1% by volume) for 1 min. Then the films were annealed at 150 ºC for 30 min in a nitrogen-filled glove box to obtain E-ZnO films. For Solgel ZnO films, a same EDT-soaking procedure was carried out and the EDT-soaked films were further annealed at 130 ºC for 10 min in glove box.
ZnO Thin Films Characterization:
The FTIR spectra of ZnO nanocrystals films with and without EDT treatment were recorded on a Bruker Tensor 27 spectrophotometer. XPS and UPS spectra were collected on a Thermo ESCALAB 250 equipment in an ultra high vacuum chamber with a vacuum <10 -10 Torr. He I (21.22 eV) radiation line from a discharge lamp, with an experimental resolution of 0.1 eV, was used in the UPS measurements. AFM images were obtained using a Veeco Multi Mode V atomic force microscopy. Contact angle measurements were carried out using a CAM 200 optical contact angle meter. UV-Vis absorption spectra were obtained using a Shimadzu UV-3600 spectrometer. Steady-state PL measurements were acquired using an Edinburgh Instruments FLS920 fluorescence spectrometer. A spectroscopic ellipsometer (J.A.Woollam M-2000) was used to determine the optical constants and thicknesses of the ZnO films and active layers of the solar cells.
UV Phototconduction Characterization:
The UV photoconductive behaviors of the P-ZnO and E-ZnO films were evaluated by using a planar device configuration. 1 A 150-nm-thick Al electrode was evaporated through a shadow mask to form "T"-shape contacts on the ZnO films deposited onto pre-cleaned glass substrates. The spacing between the electrodes was 200 μm and the length was 3 mm. UV excitation was provided by a UV light-emitting diode (370 nm) and focused onto the devices with a spot size of ca. 2 mm. 
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